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ABSTRACT We have determined whether the gene encoding
dihydrofolate reductase (5,6,7,8-tetrahydrofolate:NADP+ oxido-
reductase, EC 1.5.1.3) varies spontaneously in gene copy number
in cells in vitro. Cells were stained under nonselective conditions
with fluoresceinated methotrexate, which binds quantitatively to
dihydrofolate reductase. Cells with the highest fluorescence were
collected by a fluorescence-activated cell sorter and subsequently
grown in the absence of methotrexate. At no time during the ex-
periment were the cells placed under metabolic stress. After 10
successive rounds of growth and sorting, the derived population
showed a 50-fold increase in fluorescence intensity, was highly re-
sistant to methotrexate, and was amplified 40-fold in content of
dihydrofolate reductase gene. We also found that cells already
having amplified genes can undergo increases or decreases in their
fluorescence and in gene copy number even more rapidly (at rates
as high as 3 x 102 amplification events per cell division) than do
parental cells (ca. 10-3 events per division). We therefore conclude
that gene amplification can occur spontaneously in cells and that
the rate of its occurrence varies with gene copy number.

The phenomena of drug resistance as conferred by gene am-
plification (for a review, see ref. 1) suggest that changes in gene
copy number may be a common response of cells to cytotoxic
selection with drugs. A major question to be considered is
whether gene amplification is itself a consequence of the drug
treatment. It is possible, for example, that the damage and frag-
mentation of chromosomes that is caused (2, 3) by methotrexate
[MTX, an inhibitor of dihydrofolate reductase (DHFR)] may
actually facilitate the amplification of the DHFR gene (dhfr) (4,
5). Alternatively, the observed gene amplification events may
reflect processes occurring spontaneously, even in untreated
cells, that would confer resistance detectable during later se-
lection with cytotoxic drugs such as MTX.
One way to examine the hypothesis of spontaneous vari-

ations in gene copy number is to perform a classical fluctuation
analysis of cells (6). For example, Kempe et al. (7) determined
the frequencies of formation of colonies resistant to N-phos-
phonacetyl-L-aspartate (an inhibitor of aspartate transcarbamo-
ylase) in different subpopulations of a Syrian hamster cell line,
and they concluded that resistance to 0.1 mM N-phosphon-
acetyl-L-aspartate can indeed arise spontaneously, though at an
apparently low frequency (2-5 x 10-5). Similarly, Terzi and
Hawkins (8) conducted a fluctuation analysis for cells exposed
to MTX and found that resistance to 220 nM MTX arose at a
frequency of 4 x 10-5.

The fluctuation analysis, however, is insensitive to some fea-
tures of gene amplification in that it is most suitable for de-
tecting rare, random, stable mutations that confer complete re-
sistance to a particular selective agent. Gene amplification, on

the other hand, is frequently unstable in character and confers
graded resistance to selective agents (9). We were therefore led
to employ an alternative method for the detection of sponta-
neous changes (both increases and decreases) in gene copy
number. This method depends on the use of the fluorescence-
activated cell sorter (FACS) and may be applicable to a wide
variety of systems. We find that gene amplification and loss
occur much more frequently than previously suspected and that
the frequency of occurrence of these events varies as a function
of gene copy number.

MATERIALS AND METHODS
Chinese hamster ovary (CHO K1) cells were obtained directly
from the American Type Culture Collection and were not pre-
viously exposed to selection with MTX. Two other cell lines,
CHO K1 B11 [0.1] and CHO K1 B11 [0.5], were derived from
the CHO K1 line by stepwise selection with MTX (9). The B11
lines are resistant to 0.1 and 0.5 puM MTX, respectively, and
dhfr in them is amplified approximately 20- and 50-fold (Table
2). We routinely maintain the CHO lines in F12 medium
(GIBCO) prepared without glycine, hypoxanthine, or thymi-
dine, to which 10% dialyzed fetal bovine serum (GIBCO) and
0, 0.1, or 0.5 ,iM MTX are added. During experiments the cells
were grown in a supplemented medium that includes 30 ,uM
each of glycine, hypoxanthine, and thymidine (Sigma) but lacks
MTX, except as noted. The supplements were included to re-
verse MTX cytotoxicity (ref. 3; also see Table 1).

Fluorescence analysis and sorting of cells were conducted on
a Becton Dickinson FACS-II instrument. [Fluoresceinated MTX
(F-MTX) was prepared as described (10) and was further pu-
rified by elution from a preparative Rainin RP18 Microsorb HPLC
column with a 0-100% gradient of methanol, retaining the ma-
terial eluting at 40-60% methanol.] Cells growing in supple-
mented medium were exposed for 24 hr to 30 ,uM F-MTX, then
treated with trypsin and suspended in medium lacking F-MTX.
In a typical experiment, the distribution of fluorescence for a
cell population was determined from 10,000 cells. Cells dis-
playing extremes of fluorescence, representing the upper or
lower 2-5% of the population, were sorted and then returned
to the supplemented medium. The new cell population arising
after 7-12 days of proliferation was sorted again, recollecting
for further growth the cells of extreme fluorescence. As mul-
tiple successive populations were derived in this way, cells were
frozen at each stage and stored at -80°C in supplemented me-
dium with 10% (vol/vol) dimethyl sulfoxide. After the final cell
population in an experimental series had been obtained, the
intermediate populations were thawed and restored to growth,

Abbreviations: DHFR, dihydrofolate reductase (5,6,7,8-tetrahydrofo-
late:NADP+ oxidoreductase, EC 1.5.1.3); dhfr, DHFR gene; MTX,
methotrexate; F-MTX, fluoresceinated methotrexate; FACS, fluores-
cence-activated cell sorter; CHO cells, Chinese hamster ovary cells.
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permitting concurrent analysis of the fluorescence character-
istics of all the populations.
To determine sensitivities to MTX, cells from each popu-

lation were plated at low densities in nonsupplemented me-

dium, between 10 and 1,000 per cm2, and after 24 hr they were
exposed to MTX (0-20 AM) for 2-4 weeks. Surviving colonies
were counted, and the degree of resistance was expressed as

the concentration of MTX required to reduce the frequency of
surviving colonies to 25% of controls (ED25). For measure-

ments of dhfr gene copy number, equivalent amounts of DNA
from each cell population were digested with EcoRI, then elec-
trophoresed in 0.7% agarose, transferred to nitrocellulose, and
hybridized to 32P-labeled dhfr cDNA cloned in pBR322 (11).
The degree of hybridization was estimated by scanning exposed
x-ray film with a Joyce-Loebl microdensitometer.

RESULTS
The distribution of fluorescence forCHO K1 cells when stained
with F-MIX is shown in Fig. 1. These cells contain little DHFR
and are therefore only weakly fluorescent. A few cells (0.6% of
the total), however, have 3-fold or greater fluorescence inten-
sity than the mean of the population. Much of the variation in
cellular fluorescence arises from the distribution of cells in the
cell cycle (12), with premitotic cells staining more brightly than
recently divided cells. We speculated, however, that some of
the variation might result from genetic heterogeneity within
the population, such that some cells would synthesize addi-
tional DHFR and therefore stain with greater intensity.

In order to evaluate this hypothesis, CHO K1 cells were grown
and stained with F-MTX in medium supplemented with gly-
cine, hypoxanthine, and thymidine. These supplements were
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FIG. 1. Rapid increase in cellular fluorescence. The fluorescence

profile of untreated CHO K1 cells is shown in a. We define a fluores-

cence unit as the mean fluorescence ofthis population; the fluorescence
intensities of other cell populations are expressed in multiples of this
unit. The cells offluorescence within the range indicatedby the bracket
(3.0% of the total population) were sorted by FACS and subsequently
grown in nonselective medium. This sorted population was grown and
resorted 10 times in succession, yielding the new populations (S-2, S-5,
and S-10) shown on a compressed scale in b. In each case, the area under
the curve is adjusted to represent of the population. The mean
fluorescence for each population is shown in Table 2.

included to circumvent the inhibition of cellular growth that
otherwise occurs during MTX inhibition of DHFR activity (3).
Cells in the supplemented medium, even when treated for up
to 2 months with 1-30 /uM MTX or F-MTX, show neither a

decrease in rate of proliferation or in plating efficiency nor an

increase in the frequency of colonies resistant to MTX when
the supplements were removed (Table 1). We therefore con-

clude that cells grown in this manner do not experience selec-
tion pressure favoring the overproduction of DHFR. The F-
MTX-stained cells were then sorted, retaining for growth as a

new population the cells with highest fluorescence (indicated
by a bracket in Fig. la). The 7- to 12-day cycle of growth, stain-
ing, sorting, and regrowth of the cells highest in fluorescence
was repeated 10 times. We reasoned that, if position in the cell
cycle completely accounted for the variable fluorescence, then
each new population of cells should display the same pattern
of fluorescence as the parental cells. Alternatively, if the highly
fluorescent cells were genetically distinct from the rest of the
population, then the populations derived from these cells should
display a net increase in mean fluorescence intensity.

After only two rounds of sorting on the FACS, the mean flu-
orescence of the newly derived cells was already increased 5-
fold relative to the starting population (Fig. lb, curve S-2).
Therefore, substantial heterogeneity, of a heritable nature, either
existed among the parental cells or was generated during the
experiment. To further demonstrate this point, we analyzed the
fluorescence distributions of five randomly cloned cell lines,
which were isolated directly from the untreated CHO K1 pop-

ulation. The mean fluorescence of these subpopulations varied
between 0.6 unit and 1.5 units (parental cells = 1.0); the sen-
sitivities to MTX varied accordingly, between ED25 = 0.05 tLM
and 0.1 puM MTX (parental cell ED25 = 0.08 pLM). These ob-
servations are consistent with the existence of clonal hetero-
geneity within the parental cell population.

As further rounds of highly fluorescent cells were sorted, we
found that both the spread in fluorescence staining intensity
and the mean fluorescence continued to increase. By the tenth
sort (Fig. lb, curve S-10), the derived cells were on average 50-
fold more fluorescent than the parental CHO K1 cells. We then
determined both the ED2 and the dhfr gene copy number for
each of the intermediate and final populations (Table 2, Fig.
2a). We find that the mean fluorescence intensity, the degree
of resistance to MTX, and the dhfr copy number correspond
well, and they are comparable to values obtained for the stably
resistant cell lines CHO K1 B11 [0.1] and B11 [0.5]. Because at
no time during their derivation were the highly fluorescent cells
exposed to cytotoxic selection for DHFR overproduction, we

interpret these results as demonstrating spontaneous increases
in DHFR, in MTX resistance, and in dhfr copy number.
To examine how the rate of change in dhfr copy number might

Table 1. Growth characteristics of CHO K1 cells
Population

Growth doubling % resistant to Plating
medium time, hr 0.2 jAM MTX* efficiency, %

Supplemented
medium 20 ± 1 0.33 ± 0.09 58 ± 12

Supplemented
medium
+ MTX 16 ± 2 (n.s.) 0.46 ± 0.26 (n.s.) 51 ± 7 (n.s.)

Data are presented as mean ± SD. n.s., Not different from control by
one-tailed t test atP < 0.05.
* Cells treated in supplemented medium ± MTX for 40 days, then se-

lected in nonsupplemented medium with 0.2,uMMTX as described in
Materials and Methods.
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Table 2. DHFR-related characteristics of CHO K1 cells
and derivatives

Relative Relative
Cell mean ED25, dhfr

population fluorescence XI copy no.
CHO K1
(uncloned) 1.0 0.08 1.0

Sort-2 9.6 0.6 3.0
Sort-5 12 1.2 6.7
Sort-lo 48 10 39
CHO K1 B11 [0.1] 8.4 1.0 17
CHO K1 B1l [0.5] 56 10 53

vary among different populations, we used freshly isolated sub-
cloned populations prepared from the CHO K1 parental line
and from the CHO K1 B11 [0.1] and B11 [0.5] lines. From the
B11 [0.1] subclone we repeatedly sorted two populations-cells
of maximal and of minimal fluorescence. From the CHO K1
subclone, we sorted (as before) cells of maximal fluorescence,
and from the B11 [0.5] subclone we sorted only cells of minimal
fluorescence. We were unable to collect cells of increasing flu-
orescence from the B11 [0.5] subclone because cells beyond this
level of amplification do not saturate well with stain.

Fig. 3 shows the shifts in mean fluorescence during suc-

cessive sorts for each of these subelones. We found that the
changes in fluorescence-either increasing or decreasing-were
more rapid for cells already amplified than for the nonamplified
parental cells. Thus, whereas the CHO K1 subelone increased
its mean fluorescence by 8 units in 12 rounds of sorting, the B11
[0.1] subclone increased its fluorescence by 6 units in only 5
rounds; the decrease in fluorescence for the B11 [0.1] subclone
was also 6 units in 5 rounds of sorting. The B11 [0.5] subelone
shifted most rapidly of all, and showed a decrease in mean flu-
orescence of 35 units in 5 rounds. These differences among the
subclones can also be measured by examining the rate of ap-

pearance of variant cells during each round of sorting (see Ap-
pendix). By this analysis, variant cells arise in the subeloned
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FIG. 2. Variation in dhfr copy number. Hybridization to dhfr
cDNA was measured (Table 2) for each cell population from Fig. 1 (a)
and from Fig. 3 (b). In each case, DNA was digested with EcoRI and
loaded at 10 (a) or 5 (b) jug per lane. (a) Lane 1, CHO K1; lane 2, sort-
2; lane 3, sort-5; lane 4, sort-10; lane 5, CHO K1 B11 [0.11; and lane 6,
CHO K1 B11 [0.5]. (b) Lane 1, CHO K1 B11 [0.1] subclone; lane 2, B11
[0.11 low-fluorescence sort-5; lane 3, B1I [0.1] high-fluorescence sort- 5;
lane 4, CHO K1 B11 [0.5] subclone; lane 5, B11 [0.51 low-fluorescence
sort-5.
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FIG. 3. Shift in mean population fluorescence. Successive popu-
lations of increasing or decreasing fluorescence were derived by FACS
from subclones of CHO K1 (c), CHO K1 B11 [0.1] (.), and CHO K1 B11
[0.51(). The mean fluorescence ofeach derived population is displayed
as a function of the number of rounds of cell sorting in its derivation.
The mean fluorescence shifts more rapidly during selection by FACS
as gene copy number increases.

CHO K1 population at a rate (averaged over the first five rounds
of sorting) of 8 x 10' per cell division, in the B11 [0.1] sub-
clone at a rate of 2 x 10-2, and in the B11 [0.5] subelone at a
rate of 3 x 10-2. Analysis of DNA from these cell populations
confirmed that in each case the dhfr copy number varied in ac-
cordance with the changes in cellular fluorescence (Fig. 2b).
Thus, we conclude that the rates of increase or loss in dhfr genes
vary as a function of dhfr gene copy number.

DISCUSSION
Previously, cells with amplified dhfr genes have been derived
only as a consequence of cytotoxic selection of cells with drugs.
In recognition of this, we and others have suggested that the
metabolic stress endured by such cells may actually contribute
to errors in DNA replication leading ultimately to gene am-
plification (4, 13). However, we wished also to examine the ex-
tent to which changes in dhfr copy number might occur spon-
taneously, without perturbations of cells by drugs. We therefore
conducted the experiments described here under conditions
that were specifically chosen to avoid cytotoxicity or metabolic
stress for the cell populations (see Table 1). We nevertheless
observe the appearance of an amplified-dhfr genotype even in
these nonperturbing conditions. In particular, we readily ob-
tain cells of increasing or decreasing dhfr copy number even
from recently subcloned populations of cells (Fig. 3). We
therefore conclude that the detected amplification events arise
during the normal growth of cells in vitro and are to this extent
spontaneous in occurrence.

If so, then one would predict that a cell line not recently sub-
cloned should be heterogeneous, containing within it cells with
dhfr copy number differing from the mean value. Indeed, we
find that cells sorted from an uncloned CHO K1 population show
rapid initial increases in mean fluorescence (Fig. lb) when
compared with populations sorted from recently cloned CHO
K1 cells (Fig. 3). It is likely, therefore, that the initially sorted
populations of Fig. 1 were derived from a few variant cells al-
ready present within the uncloned CHO K1 line. Consistent
with this interpretation, we find that even randomly selected
subclones of CHO K1 cells, not previously exposed to selection
with MTX, show substantial variation in resistance to MTX and
in DHFR protein content (also see refs. 1 and 8). Thus, although
exposure of cells to MTX or to other drugs may indeed stim-
ulate events of gene amplification (13), such events must be
considered as an increase with respect to a background of spon-
taneous, noninduced variations in gene copy number.
The rapid variation in gene copy number we observe in the

amplified-dhfr CHO cells at first appears inconsistent with our
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description of them as stably amplified, retaining many dhfr
copies even after prolonged growth in the absence of MTX se-
lection (14). However, when cells with chromosomally ampli-
fied dhfr are grown for 6-12 months in the absence of MTX,
there is in fact a gradual decline in mean gene copy number of
the population (B. Mariani, personal communication). Simi-
larly, Biedler et aL have reported that chromosomal homoge-
neously staining regions of MTX-resistant Chinese hamster cells
diminish in length when the cells are grown in MTX-free me-
dium for long periods of time (15). Thus, "stable" and "unsta-
ble" are only relative terms and are not absolute characteristics
of cells. Our present results suggest that heterogeneity arises
rapidly in even "stably" amplified cell populations and that this
heterogeneity is readily detectable by FACS.

Spontaneous variations in gene copy number may be of
widespread occurrence in animal cells. Both Law (16) and Terzi
and Hawkins (8) have concluded from fluctuation analyses that
MTX resistance (though not necessarily by virtue of dhfr am-
plification) can arise spontaneously. In other systems, the gene
for aspartate transcarbamoylase amplifies spontaneously in Syr-
ian hamster cells (17), the cellular oncogene c-myc is present
in increased copy number in human HL-60 cells (18, 19), an
Alu-associated sequence (20) varies in copy number among dif-
ferent human somatic tissues, and genes for rRNA undergo
compensatory increases in copy number in bobbed mutants of
Drosophila melanogaster (21). Also, Miller and Whitlock (22)
have previously described the derivation by FACS of cells with
greatly enhanced ability to metabolize benzo[a]pyrene that ex-
hibit corresponding increases in aryl hydrocarbon hydroxylase
activity. (It is not known, however, whether the enhanced hy-
droxylase activity is a consequence of gene amplification.) More
recently, P. Kavathas and L. A. Herzenberg (personal com-
munication) have used the FACS to derive successive popula-
tions of mouse L cells, after transfection with human DNA,
that display increases in staining intensity with antibody di-
rected against human Leu-2 antigen. Karyotypes of the in-
tensely staining cells show many double-minute chromosomes;
these cells are therefore strong candidates for amplification of
the gene for Leu-2.

The fluorescence distributions obtained for each population
can be analyzed to yield estimates for the frequency of ap-
pearance of variant cells (see Appendix). We find that the cal-
culated frequencies vary considerably among different popu-
lations (Fig. 3), from 8 x 10-4 events per cell division for dhfr-
nonamplified CHO K1 cells to as high as 3 X 10-2 per division
for the 50-fold dhfr-amplified CHO K1 B1, [0.5] cells. (Note
that in the latter case we are measuring the loss of gene copies;
we do not know whether the events associated with increases
and decreases in gene copy number are actually related at the
molecular level.) The rate of change in mean fluorescence var-
ies accordingly, from <1 fluorescence unit in five rounds of cell
sorting for the CHO K1 cells, to 35 units in five rounds for the
B1, [0.5] cells. Thus, it appears that amplification (or deletion)
events occur surprisingly often, with a frequency that increases
as gene copy number increases.

These estimates for the frequency of generation of variant
cells are much higher (ca. 100-fold) than are previous estimates
from other systems (e.g., see refs. 7 and 23). It is possible that
the dhfr gene may be unusually susceptible to amplification
processes and that other genes may amplify less frequently.
However, we suspect that the FACS instrument may markedly
facilitate the detection of amplified cells that might otherwise
be missed during classical cytotoxic selection experiments. This
is because the FACS permits collection of variant cells, which
may be less robust than normal cells, without overt metabolic
stress. In addition, the FACS can easily identify and isolate cells

in which the genes are as little as 2-fold amplified or that may
exhibit only transient or unstable amplification. Cytotoxic se-
lection experiments, on the other hand, would more easily de-
tect relatively stable amplification events of greater than 2-fold
magnitude. In this view, these latter events may be only a sub-
set of the total amplification events detectable with the FACS.
The availability of F-MTX as a specific stain for DHFR has

rendered the FACS instrument particularly useful in the study
of dhfr gene amplification. However, the FACS may also be
useful in studying amplification of other genes. Given a chro-
mophore that assays for a specific molecule or metabolic pro-
cess, it should generally be possible to derive with the FACS
successive cell populations that exhibit increasingly enhanced
or diminished staining with the chromophore, with appropriate
genetic changes. Therefore, one may even generate cells that
have amplified or deleted genes for which there is no available
cytotoxic selective agent. In addition, the FACS provides a
specificity of approach in the study of gene amplification that
is not necessarily available with a cytotoxic agent. Thus, we have
derived with the FACS only cell populations that are resistant
to MTX by virtue of their overproduction of native DHFR; MTX
resistance by alterations in DHFR enzyme kinetics (24) or in
transport of MTX (25) is not obtained by this approach. In prin-
ciple, the protocol described here should also give rise to cells
that do not have specific genes amplified but instead exhibit
aberrant regulation (positive or negative) of the genes. We have
not yet observed this behavior in the dhfr system. In each case,
heritable changes in levels of DHFR protein have always been
accompanied by corresponding changes in dhfr copy number.

If spontaneous amplification and deletion events occur
throughout the cellular genome at rates comparable to that for
dhfr (ca. l0' events per locus per cell division), then the ge-
nome may be much more variable than previously thought. Such
variability could account for much of the clonal heterogeneity
routinely observed in the morphologies, behaviors, and met-
abolic activities of cells in culture. More importantly, the pro-
cesses we describe here may contribute to the variations in gene
copy number occurring in somatic cells during development
and aging (18, 26, 27); they may also contribute to genomic vari-
ability in germ line cells (21), on which evolutionary pressures
can act.

APPENDIX: ESTIMATING FREQUENCY OF
GENERATION OF DHFR VARIANT CELLS

The fluorescence profiles of successive cell populations derived
by the FACS instrument can be analyzed directly to provide an
estimate of the rate at which amplification (or deletion) events
occur. This analysis assumes a starting population of N cells,
and a constant, k, for the frequency of generation per cell di-
vision of variant cells. (In fact, k is very likely a function of gene
copy number, and not a constant. We therefore limit the nu-
merical analysis to initial changes in fluorescence for subcloned
cell populations, before substantial deviation in copy number
from the starting value.) We consider an amplification (or dele-
tion) event to have occurred when a FACS-derived cell is more
(or less) fluorescent than were the cells of its starting popu-
lation. We also assume that the FACS instrument is completely
efficient at detecting and isolating variant cells against a back-
ground of many normal cells, that variant cells do not suffer
reduced rates of growth, and that no loss in gene copies occurs
during the 7- to 12-day interval between sorting and analysis.
These latter assumptions, and particularly the last, may well be
invalid. If so, it may be shown that the true value for the rate

of generation of variant cells with amplified dhfr genes will be
higher than the calculated rate. Thus, we consider our esti-
mates of k for each cell population to be minimal ones.
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Given these assumptions, after one generation we have 2N
- kN normal cells. After x generations we have (2 - k)XN nor-
mal cells and 2XN - (2 - k)XN variant cells. The fraction F of
the total cell population that is variant after x generations is
therefore 1 - (1 - k/2)X and is independent of N. We can ob-
tain numerical estimates of F directly from the FACS, by de-
termining the fraction of cells at the end of each period of growth
that display more extreme fluorescence than the cells from the
beginning of the period. In addition, the number of genera-
tions experienced by the population can be estimated from the
growth interval and the population doublingttime of ca. 20 hr.
Thus, k can be calculated as 2[1 - (1 - F)l/x]. As an example,
we find that among the cells of the fifth population sorted for
increasing fluorescence from the B11 [0.1] subclone (Fig. 3),
17% (= F) were higher in fluorescence than were the starting
cells prepared from the fourth sorted population. From the above
equation, we find that k = 2.5 X 10-2 when x = 15. By av-
eraging the values for k calculated for each of the populations
sorted from the B11 subclone, we obtain a mean value for k of
2 X 10-2 amplification events per cell division.
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